Severe malnutrition represents one of the most severe socioeconomic and health problems in the world. Clinically, protein-energy malnutrition (PEM) can be divided into three major forms: 1) marasmus, which is characterized by severe deficit of body mass; 2) kwashiorkor, an edematous form of malnutrition; and 3) marasmic kwashiorkor (1, 2) .
The full clinical picture of kwashiorkor further includes skin lesions, red hair color, partial loss of hair, a fatty liver, apathy, and irritability; the syndrome is typically precipitated by infections. The clinical management of kwashiorkor is still highly insufficient with a mortality ranging between 10 and 50% (3) (4) (5) . During the last 40 y, this situation has not significantly improved. This worrying constellation is based on the fact that our knowledge on pathophysiology and therapeutical interventions is highly inadequate.
As initially postulated by Golden and Ramdath (6) , an imbalance between reactive oxygen species generated and the available antioxidant capacity may play a significant role in the pathophysiology of kwashiorkor. Over the last years, the syndrome was indeed shown to be associated with drastically decreased concentrations of glutathione, with low concentrations of vitamin E, carotene, selenium, and polyunsaturated fatty acids, with a reduced NADPH/NADP ϩ ratio, and with low glutathione peroxidase and elevated glutathione-Stransferase activity (5) (6) (7) (8) (9) . Furthermore, high concentrations of circulating ferritin and hepatic iron have been reported as signs of liver injury (6) .
The longitudinal study presented here was carried out to gain further insight into the redox processes characterizing kwashiorkor. Based on our further understanding of this oxidative stress syndrome, new prophylactic and therapeutic measures may be developed (10) . To obtain a parameter summarizing the various single plasma antioxidants, we determined the TAOS (11) in kwashiorkor patients. Together with the TAOS, three of its major single components, namely albumin, bilirubin, and uric acid, were measured. Infection, a main feature of kwashiorkor, represents one of the most important stimuli of inducible NO synthase activity (12, 13) . Furthermore, because oxidative stress and nitrosative stress are closely linked and NO as a vasoactive and potentially toxic metabolite may contribute to the pathophysiology of kwashiorkor, we also determined plasma concentrations of nitrite and nitrate, the stable end products of NO metabolism (13, 14) .
METHODS

Patients
Children admitted to the Nutrition Unit of St. Joseph's Hospital, Jirapa, Upper West Region, Ghana, were physically examined. Clinical and anthropometric data were taken and related to established standards (15) . On admission, a venous EDTA blood sample not exceeding 2 mL was taken for routine parasitologic and hematologic analyses as well as for the biochemical parameters determined in this study. Inclusion criteria for the kwashiorkor group were defined as follows: approximately 60 to 80% of normal weight/age standards, generalized edema, skin lesions, and hair loss and/or discoloration. Anthropometry, described in terms of the NCHS standards (1), and clinical status of the patients on admission and follow-up days are detailed in Table 1 , a and b. Because kwashiorkor is typically characterized by hypalbuminemia and hypoglutathionemia (6, 8) , plasma albumin (Ͻ30 g/L) and glutathione concentrations (Ͻ0.4 mM in whole blood corresponding to Ͻ1.2 mM in erythrocytes) were added to the inclusion criteria. A nephrotic syndrome in the patients was ruled out by the absence of proteinuria. According to these criteria, only children with the full clinical picture of kwashiorkor were included in the study. Patients were clinically and biochemically followed up for 20 d. It should be emphasized that these stringent inclusion criteria enhance the reliability and valid interpretation of the data but also explain the relatively high lethality of this particular group of patients (8) .
The kwashiorkor group (K) was compared with a control group (C) consisting of healthy local children: n ϭ 15; median age, 21 mo; median weight for age, 86.1%. The children were taken by their mothers to the Outpatient Department of the hospital for a routine checkup. The study was explained to the mothers who all gave their oral consent and assisted during physical examination and blood taking.
As a diet, the control children received the local mixed food consisting mainly of yam, tomatoes, rice, and maize. The kwashiorkor patients were treated for infections, and patients with an Hb concentration of Ͻ5 g/100 mL received a blood transfusion and were excluded from the study. Patients received 150 mL of a rehabilitation formula (50 g/L skimmed milk powder, 30 g/L sugar, and 30 g/L oil) three times daily. Because the mothers usually stayed in the hospital with their children, the patients also received small amounts of local food. Blood was taken in the morning in all groups of children.
The study was explained to the parents of the patients in their respective native language, and their oral consent was obtained. The ethical aspects of the study were approved by the Ethics Committee of the Diocesan Health Committee of Wa Diocese, Wa, Ghana, and the Medical Regional Directorate, Upper West Region, Ghana.
Materials
Reagents obtained from Boehringer (Mannheim, Germany), Sigma Chemical Co. (St. Louis, MO, U.S.A.), and Merck (Darmstadt, Germany) were of the highest purity available. Recombinant human glutathione reductase produced as described (16) was used for assaying total glutathione.
Analytical Methods
One aliquot of fresh EDTA blood was immediately frozen for analysis of the parameters in full blood. A second aliquot was used for glutathione determination (see below). The remaining blood was centrifuged to separate plasma from red blood cells; the plasma was then immediately frozen, red cells were washed twice in PBS and then frozen . All samples were stored in Ghana and during the transport at Յ Ϫ20°C (in a refrigerator and on dry ice, respectively). Blood samples of patients and controls were treated identically. Glutathione, TAOS, and NO end products were determined at the Center of Biochemistry, Heidelberg University, Germany (see below). Total protein, albumin, bilirubin, and uric acid were determined at the Institute of Clinical Chemistry, Ulm University, by use of standard laboratory methods.
Glutathione. Total glutathione in whole blood was measured by a procedure adapted to the needs of tropical medicine as described (17) . Briefly, 0.2 mL of fresh EDTA blood was mixed with 0.6 mL of 5% sulfosalicylic acid. The sample was centrifuged (10 min, 10,000 g), and the supernatant was stored at Ϫ20°C until analysis. For glutathione determination, 10 L of supernatant was assayed in a total volume of 1 mL of phosphate buffer containing 0.6 mM DTNB, 0.5 U/mL gluta- thione reductase, and 0.3 mM NADPH. The reduction of DTNB was followed spectrophotometrically at 412 nm and 25°C and related to a calibration curve. The concentration of erythrocyte glutathione was estimated on the basis of whole blood glutathione and hematocrit.
TAOS. The TAOS was measured by the ABTS assay, which is based on the capacity of plasma to scavenge the ABTS ϩ radical (11). In the assay, metmyoglobin is oxidized by H 2 O 2 ; the produced ferrylmyoglobin then oxidizes ABTS to the ABTS ϩ radical that shows a characteristic long wavelength absorption spectrum. In the presence of antioxidants like the Trolox standard used or blood plasma, the radical is scavenged dose dependently. The absorbance was first measured by mixing 1 mL of a chromogene solution (PBS buffer containing 7.45 M horse metmyoglobin and 745 M ABTS) with 20 L of the plasma sample. Exactly 3 min after adding 200 L of the substrate (1.5 mM H 2 O 2 in PBS buffer) at 25°C, the final absorption at 600 nm was measured. The TAOS were computed by relating the data to a 0.5-mM Trolox standard solution according to the following equations:
Nitrite and nitrate. NO concentrations in plasma were assayed according to Grisham et al. (18) with slight modifications. This method is based on the indirect determination of NO by spectrophotometric measurement of its stable metabolic products, nitrite and nitrate. Two hundred microliters of a reaction mixture (50 mM HEPES, pH 7.4, containing 5 M FAD, 0.2 U/mL nitrate reductase, and 0.1 mM NADPH) was mixed with 30 L of plasma and incubated for 30 min at 37°C. Then, 2 L of lactate dehydrogenase (1500 U/mL) and 25 L of pyruvate (100 mM) were added to each cuvette and incubated for another 10 min at 37°C. Six hundred microliters of premixed Griess reagent (consisting of equal volumes of 2% sulfanilamide and 0.2% N-(1-naphthyl)ethylene-diaminedihydrochloride, both in 5% phosphoric acid) was added and after a 10-min incubation at room temperature, the absorbance of each sample was read at 543 nm. Plasma NO concentrations were calculated on the basis of a calibration curve with KNO 3 standards.
Statistics
For intercohortal and intracohortal analyses, respectively, the unpaired and paired t tests were applied.
RESULTS
In the present longitudinal study, different biochemical redox parameters were determined in children suffering from the malnutrition syndrome kwashiorkor. All parameters were mea- 8, 14, and 20) . The obtained data were compared with a group of healthy local controls and are summarized in Tables 2-4 . To estimate whether the biochemical parameters were related to the course of illness, the data of patients who recovered (n ϭ 11) and of those with fatal outcome (n ϭ 8) were processed also separately. As a parameter summarizing the numerous antioxidative factors in plasma, we determined the TAOS. In parallel, different parameters contributing to the TAOS, namely uric acid, bilirubin, total protein, and albumin, were measured. Full blood glutathione concentrations were determined as an indicator of disease severity. Furthermore, the plasma nitrite and nitrate concentrations as indicators of NO levels in plasma were measured. The TAOS was found to be drastically reduced in kwashiorkor. This phenomenon was detected throughout the observation period ( Table 2 ). The plasma antioxidants bilirubin and uric acid were not significantly altered and did not change over the observation period. However, a slight increase in bilirubin concentration was detected in the patients with fatal outcome in comparison with those who survived. This elevated value was, however, still within the normal range of bilirubin levels of this particular age group.
As described in previous studies (6, 8, 19) , the erythrocyte glutathione concentrations were significantly reduced in kwashiorkor and were related to the clinical outcome. In fact, over the observation period, glutathione levels rose in patients who recovered and dropped or were constant in patients who did not (Table 3) . Similar features and dynamics were observed for the parameters total plasma protein and albumin.
Results on plasma NO concentrations are given in Table 4 . Nitrite and nitrate levels were indeed found to be increased in kwashiorkor by a factor of almost 2. As for the TAOS, similar values were detected throughout the observation period.
DISCUSSION
More than 10 y ago, Golden and Ramdath (6) postulated the involvement of oxidative stress in the severe edematous malnutrition syndrome kwashiorkor. Since then, evidence for the role of reactive oxygen species (ROS) in the pathophysiology has increased (5, 8, 9 ). The lethality of kwashiorkor is still unacceptably high, and successful measures for prevention
have not yet been developed. Our inadequate knowledge of the metabolic processes taking place in kwashiorkor has up to now been limiting for improving this situation. To gain more insight into the role of ROS and reactive nitrogen species (NOS) in kwashiorkor, the present study was carried out.
Glutathione. The erythrocyte glutathione concentrations were drastically reduced in kwashiorkor patients and were clearly related to the clinical outcome. After 2 wk, the concentrations reached normal levels in the patients who survived and dropped or were constantly low in the patients with lethal outcome. This phenomenon has been described in previous studies (6, 8, 19) . Apart from the multiple functions of glutathione in the cellular redox equilibrium, many of which are discussed below, its beneficial effects on cell membrane electrolyte transport may play a particularly important role in the pathophysiology of kwashiorkor. As demonstrated by Forrester et al. (20) , reduction of the intracellular glutathione content of normal red cells to values characteristic of edematous malnutrition reproduced the abnormalities of sodium content and flux observed in kwashiorkor. Also, during clinical recovery from severe malnutrition, sodium pump activity is likely to represent a critical parameter (21) .
TAOS. Our data indicate that the TAOS in children suffering from kwashiorkor is reduced to less than 50% of local control values. When comparing the TAOS of our patients with healthy European term babies at the age of 5 d [TAOS ϭ 1.50 ϩ 0.14 mM (11)], only 27% of this antioxidant status is reached. This result underlines the importance of ROS in the malnutrition syndrome as well as previous data of different research groups who determined various single parameters contributing to the plasma TAOS of a patient (5, 6, 8) .
The TAOS is composed of the antioxidant capacity of total protein (85%; mainly albumin but also transferrin and ceruloplasmin), uric acid (12%), bilirubin (4%), carotinoids (3%), tocopherols (1%), and ascorbic acid (1%) (22, 23) . (Because these data given in Ref. 22 had been deduced from different sources, they do not sum up to exactly 100%.) These different antioxidants do act via distinct mechanisms. On the basis of their iron-binding capacity, an inhibition of iron-dependent hydroxyl radical formation has been established for transferrin and ceruloplasmin (24) . Albumin also binds plasma iron, copper, and FFA, thus preventing peroxidation processes (24, 25) . 
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In addition, a glutathione-linked thiol peroxidase activity (26) and a carbon radical scavenging activity (27) have been described for albumin as well as its capability to scavenge peroxyl radicals and to decrease lipoxygenase activity (25) . As reported recently, the antioxidant properties of serum albumin are impaired by free radicals (28) . Albumin is certainly the most severely reduced plasma protein in kwashiorkor. This lack of albumin in combination with increased concentrations of circulating ferritin and hepatic iron can result in a vicious cycle. This cycle may be worsened by an insufficient intake of sulfur-containing amino acids leading to inadequate glutathione synthesis, by liver damage, and by the infections characterizing kwashiorkor. Our data indicate that apart from albumin, other plasma proteins contributing to the TAOS are also reduced. This is supported by studies demonstrating decreased levels of transferrin and ceruloplasmin in kwashiorkor (29) . It should, however, also be noted that the extrapolation of a TAOS to the in vivo situation is limited. Indeed, the TAOS assay can only estimate the overall antioxidant status in the plasma of a patient. Among others, a major point of criticism is the fact that the scavenging of only one reactive oxygen species, the nonphysiologic ABTS radical, is studied, whereas other ROS and NOS are not taken into account (30) .
Bilirubin and uric acid. In addition to albumin, we determined two more parameters contributing approximately 4 and 12%, respectively, to the plasma antioxidant status, namely bilirubin and uric acid (22) . Bilirubin has been shown to scavenge peroxyl radicals and peroxynitrite and is known to prevent the oxidation of aromatic amino acid residues, the formation of protein carbonyl groups, and protein fragmentation (31, 32) . Recently, a neuroprotective role of bilirubin also has been postulated (33) . As shown for neonatal erythrocytes, physiologic concentrations of bilirubin protect against oxidative stress.
Uric acid, ranking as position three of the plasma antioxidants, can act as a singlet oxygen and radical scavenger (34, 35) . Complex formation between uric acid and iron ions has been shown to inhibit ascorbate oxidation and lipid peroxidation (36) .
In our study, both parameters, bilirubin and uric acid, were found to be within the normal range in kwashiorkor; neither of them differed significantly between patients and controls. However, in patients who recovered, bilirubin concentrations were lower than in fatal cases, and uric acid concentrations decreased slightly over time. Our data support the findings of Garrow and Pike (37) who described a correlation between slightly elevated bilirubin concentrations and negative prognosis in malnutrition. However, because the absolute increase in bilirubin concentrations is rather discrete, the data of Sakr et al. (38) who determined normal bilirubin levels in kwashiorkor have also been validated. As far as other plasma antioxidants are concerned, it should be mentioned that vitamin E deficiency is considered a major feature of kwashiorkor (6) . In a study carried out in Nigeria, plasma ␣-tocopherol, total tocopherol, and the tocopherol-lipid ratio were decreased to approximately 50% (7) . Although different studies on vitamin A status do not provide a completely uniform picture, vitamin A deficiency often accompanies severe malnutrition (6, 7, 39, 40) .
Taking these aspects together, our results support the hypothesis that kwashiorkor is not simply caused by protein deficiency but rather by a certain combination of altered parameters including reduced concentrations of antioxidants, above all albumin. The fact that albumin is not only an osmotically active plasma constituent and essential carrier molecule but also one of the most important plasma antioxidants (25) puts this protein again in the center of the probable pathophysiologic constellation.
NO. Apart from the TAOS, our study aimed at determining the concentration of NO in kwashiorkor. Among the many prooxidative effects of NO, protein modification by nitrosylation or oxidation of SH groups has been reported, leading e.g. to the inactivation of glutathione reductase, superoxide dismutase, and glutathione peroxidase (41) . Also, depletion of intracellular glutathione (42) , formation of peroxynitrite in interaction with the superoxide anion, DNA damage, and induction of apoptotic and necrotic cell death are established effects of NO (12, 42, 43) . NO plays an important role in the regulation of vascular tone and endothelial function (44) , which, with respect to the pathophysiology of kwashiorkor, is an important feature. Excessive NO production is involved in circulatory failure and cytotoxicity (13) . Moderate NO production, however, can be protective by virtue of its vasodilating, antithrombotic, and leukocyte adhesion inhibitory effects (45, 46) . According to our results, NO concentrations are increased in kwashiorkor patients by approximately a factor of 2. This observation is in line with the findings of Golden (5) who recently described increased NO production measured as urinary nitrate excretion. The causes leading to these enhanced NO levels remain to be elucidated. Apart from the induction of NO production by infections, cardiovascular causes should be considered. In kwashiorkor, NO may contribute to the GSH levels by directly reacting with glutathione and thioredoxin or by inhibiting antioxidant enzymes like glutathione reductase 241 (12, 41) . Glutathione, which is drastically decreased in kwashiorkor, was shown to play a crucial role in protecting from NO-induced cytotoxicity (47) . In addition, as established by Park and Aust (48) , GSH depletion and increased iron concentrations do facilitate the induction of inducible NO synthase (iNOS). However, NO may also play a beneficial role in the pathophysiologic constellation studied. Apart from antiinflammatory and antioxidant activity, NO has been shown to exert positive effects on mild liver injury (49) , and, as demonstrated by Sergent et al. (50) , NO acts as an antioxidant in ironmediated oxidative stress in rat hepatocytes. NO can be beneficial in physiologic concentrations but toxic in excess (12, 46) ; its metabolic role in kwashiorkor will have to be clarified.
Conclusion. Our study strongly supports the hypothesis that oxidative and nitrosative stress play a role in the pathophysiology of the malnutrition syndrome kwashiorkor. The fact that the alterations in TAOS and NO concentrations were detected over the observation period of 20 d, more pronounced than for glutathione and albumin, suggests that the disturbances in the redox equilibrium of kwashiorkor patients are long lasting. Previous studies indicate that leukotriene C 4 synthesis is enhanced in kwashiorkor, whereas leukotriene B 4 synthesis is impaired (51) . This constellation is likely to contribute to the pathophysiologic characteristics of kwashiorkor, particularly the generalized edema and the susceptibility to infections. Because leukotriene metabolism is known to be redox regulated, our findings contribute to the explanation of the above findings.
In kwashiorkor, prophylactic and therapeutic strategies should aim at treating the infections, controlling the hydration state, and carefully correcting the reduced antioxidant capacity and, in direct connection, the protein deficiency. The great challenge in developing an effective therapy that is able to break the underlying vicious cycle is the fact that kwashiorkor patients suffer from severe liver dysfunction, thus reacting very sensitively to the administration of proteins and various antioxidant compounds.
